Terahertz (THz) beam steering is demonstrated based on the phased-array antenna principle without using actual phase shifters. A periodically-poled lithium niobate crystal is pumped with infrared radiation generated from a dual-wavelength optical parametric oscillator. The THz radiation is generated from the crystal via difference-frequency mixing and the emission angle could be varied by tilting one of the incident pump beams. This effect is equivalent to using a phase-shifter array for tilting the phase front of the THz radiation. This technique has the advantage of high speed, wide angular range, and compactness compared to conventional beam steering methods.
B
eam steering techniques for electromagnetic radiation in various frequency regions have been utilized for many applications with many kinds of methods. In the case of microwaves, the most general and practical way of steering is to use phased-array antennas. It has the advantage of a high steering speed due to non-mechanical operation and a wide steering range.
1) The wave front of the beam is electrically controlled by the adjustable phase shifters connected to each array element. In the visible light region, mirrors, in particular galvano scanners and polygon mirrors, are used in optical imaging and laser printing for their wide steering range. 2) As an alternative method, electro-and acousto-optic deflectors are well known not only as steering but also as switching devices.
3) Because of the non-mechanical steering by controlling the electric field or the acoustic wave, these deflectors are superior to rotation mirrors in terms of steering speed, but the steering angle is too small for use in imaging.
Applying these beam steering methods is not straightforward in the terahertz (THz) radiation range, which lies between the millimeter waves and the infrared radiation region.
4) The phased-array antenna for the THz radiation are not available because the desired phase shifters have not yet been developed in the THz region. 5, 6) In case of the mirror rotation, the diameter of the mirror should be large enough compared to the wavelength of the THz radiation to avoid diffraction; an increased mirror weight will cause a reduction of the steering speed. When we usually use the optical deflectors, the optical beam passes through the crystal, such as lithium niobate, to which an electric field or an acoustic wave is applied. However, the absorption of the THz radiation in the crystal is very large and it results in decreasing the intensity of the radiation even if the beam steering can be achieved. 7) In this paper, we demonstrate the THz beam steering based on the principle of the phased-array antenna incorporated with an optical method. This method can be applied to imaging in which the focalized radiation can be rapidly moved across the target and to an adaptive antenna for wireless communications. 8) When a periodically-poled lithium niobate (PPLN) crystal is pumped by two laser beams with different wavelengths, THz radiation is generated by difference-frequency mixing in the crystal.
9) The crystal can emit the THz radiation in the same direction as the incident pump beams. In our case, the pump beam waist in the PPLN is wide enough compared the wavelength of the THz radiation as shown in Fig. 1(a) . When the pump beam 1 is tilted and the pump beam 2 is irradiated perpendicular to the crystal surface described in Fig. 1(a) , the phase difference between two pump beams is continuously varied at each lateral position in the PPLN. In difference frequency mixing, the local phase of the THz radiation is identical to the local phase difference between the pump beams. 10) This means that the phase front of the THz radiation is also tilted. This is equivalent to the phase front tilting with an array of progressively phased shifters which compose the phased-array antenna as illustrated in Fig. 1 (b). The THz beam, therefore, can be steered by controlling the incident angle of the pump beam instead of many phase shifters.
As generally described in the phased-array antenna principle, the local phase of the THz radiation at position x is expressed by k T x sin T , where k T is the wave number of the THz radiation and T is the tilt angle of the THz wave front in the PPLN crystal.
1) By applying the phase relation between the pump beams and the THz radiation mentioned before and taking into account the refraction at the crystal surfaces, the following relation is derived:
where p indicates the incidence angle of the pump beam 1 to the crystal, T indicates the emission angle of the THz radiation from the crystal, p0 and T0 indicate the wavelength of the pump beam and the THz radiation in air, respectively. Thus the emission angle of the THz radiation depends on the relative incidence angle of the pump beams and the ratio of the wavelengths of the THz radiation and the pump beam in free space without respect to the refractive index of the crystal. Note that the emission angle is several hundred times as wide as the incidence angle when the infrared radiation is utilized for the pump beams, because of far longer wavelength of the THz. This is the most significant feature of our beam steering method. Figure 2 shows the experimental setup for demonstrating both the generation and the beam steering of the THz radiation. The pump beams are produced by a dualwavelength optical parametric oscillator from which overlapped pulses with different wavelengths are simultaneously generated.
11) The total pulse energy is 2 mJ, the pulse duration was 15 ns, and the repetition rate of the pulses is 50 Hz. The center wavelengths of the pump beams are 1299.4 and 1306.5 nm, and the wavelength difference is 7.1 nm, which corresponds to a frequency difference of 1.26 THz. These beams are spatially split by a diffraction grating and combined again using a non-polarized beam splitter. The polarization of both beams is rotated 90 by using a half-wavelength plate and made parallel to the optical axis of the PPLN for the generation of the THz radiation. One of the pump beams is steered by manually rotating a mirror.
Three lenses, L1, L2, and L3 in Fig. 2 , are located between the wave plate and the PPLN crystal. The rotation mirror is located in the focal point of L1. Lenses L1 and L2 have the same focal length and the distance between L1 and L2 is equal to the double of their focal length. These lenses restrain the beam spots in the crystal from separating. Lens L3 is located in the focal point of L2 and it focuses the pump beams on the PPLN in order to increase the incident power density to obtain a sufficiently high output power of the THz radiation. In this structure, the incidence angle of the adjustable pump beam is coincident with the deflection angle at the rotation mirror, that is, the incidence angle can be estimated as the double of the rotation angle of the mirror.
The PPLN crystal was doped with 5% mol. of magnesium oxide. The thickness is 5 mm and the polarization inversion period is 87 m. The lateral diameter of the pump beam waist at the position of the PPLN crystal is 0.64 mm when the crystal is removed. The focal length of the lens L3 was 100 mm and the diameter of the incident beams to the lens L3 was 3.6 mm which was much shorter that the focal length of L3. And the thickness of the PPLN was also much shorter than it. Thus the diameter of the beam waist in the PPLN is estimated to be almost identical to 0.64 mm and the generation area of the THz radiation is 2.7 times as wide as the wavelength in the crystal. The size meets the requirements for the beam steering based on the phased array principles.
The THz radiation generated from the PPLN crystal is first collimated by an off-axis parabolic mirror with an effective focal length of 50.8 mm and then focused on the silicon bolometer by another parabolic mirror with an effective focal length of 101.6 mm. The pump beams were blocked by a Teflon filter attached on the window of the bolometer. The beam intensity distribution of the THz radiation was measured by the knife-edge method midway between the two parabolic mirrors.
In the configuration shown in Fig. 2 , the intensity of the THz radiation reduces as one of the pump beams is tilted for the following reasons, (1) the spots of the pump beams in the PPLN gradually separate, so that the overlapping area of the beams narrows, (2) the phase matching is broken between the pump beams and the THz radiation along the propagation in the nonlinear optical crystal, 9, 12) and (3) the loss due to the Fresnel reflection on the exit surface of the crystal (54% at T ¼ 0 ). In these cases, the steerable range is expected to be 58 full width at half maximum (FWHM). Additionally the detection range is confined to 22 FWHM by the size of the parabolic mirrors and the field of view of the entrance cone in front of the bolometer. 13) Although the absorption of the PPLN is extremely large, the effect of the absorption on the relative intensity for difference steering angles is negligible. Figure 3 shows the normalized beam patterns of the THz radiation for different incidence angle of the pump beam. These patterns were obtained by taking the derivative of the signals measured when a knife edge is scanned between the parabolic mirrors. The horizontal axis indicates the angle of the direction from the PPLN crystal, which is calculated as the arc tangent of the ratio of the position of the knife-edge pattern and the effective focal length of the parabolic mirror. The average beam divergence of the THz radiation was found to be about 23 FWHM and is larger than the estimated value of 11 FWHM given by 0.52 0 =a (rad), where 0 is the wavelength of the THz radiation (238 m) and a is the diameter of the beam spot in the crystal (0.64 mm). The actual beam spot in the crystal is possibly smaller than the spot measured at the position of the crystal when it is removed. The step of the incidence angle was 0.011 and corresponds to one division of the mirror rotation. This measurement confirms that the beam was steered by varying the incidence angle of the pump beam. Figure 4 shows the THz radiation angle as a function of the pump beam incidence angle. The vertical axis indicates the angle at the peak of a Gaussian distribution fitted to the beam patterns in Fig. 3 . The solid curve indicates the theoretical radiation angle calculated with eq. (1). The radiation angle changes within a range of 17 while the pump beam was tilted within 0.088 . This result indicates that the angle was magnified 193 times. The root mean square error of the radiation angle was 1.2 and it is caused by errors in the manual rotation of the mirror, amplified by the high angular sensitivity which makes that the smallest step of the incidence angle corresponds to a steering of the THz radiation with an angle of 2.1 . Otherwise, the experimental results are in a good agreement with the calculation.
We would like to compare these results with the conventional method discussed in the beginning. The phased-array antenna principle was applied without using actual phase shifters, which leads to the scale down of the system. The THz beam could be steered within an angle 193 times as wide as the tilting of the pump beam. In other words, it is sufficient to tilt the mirror reflecting the pump beam within the angular range of 1/193 compared to the case of tilting a mirror directly reflecting the THz beam. Furthermore, this avoids the requirement of using a large mirror suitable for the reflection of THz beam. In our method, the lithium niobate crystal was used for both generating the THz radiation and directly changing the direction of the emission from the crystal, while in the case of an optical deflector the crystal has been used only to deflect the beam. We consider that this unification allows an efficient beam steering. Note that an optical deflector can be installed for tilting the pump beam in our setup and we can expect it to remarkably accelerate the steering speed up to 10 billion round per second (10 GHz). 14) These deflectors are appropriate for our steering system because of the angle magnification, even if their deflection range is very narrow.
The beam steering with the nonlinear optical crystals such as the lithium niobate has the advantage of a simple structure. We do not have to produce an array of minuscule antennas but instead we just need to use a wide-surface crystal. 10) Furthermore, the beam can be steered in both azimuth and elevation, without building a two-dimensional antenna array.
In conclusion, the THz radiation was generated from a PPLN crystal by difference-frequency mixing, and beam steering was demonstrated based on the phased-array antenna principle. It was experimentally demonstrated that the steering angle was magnified 193 times relative to the tilting angle of the pump beam. The beam spot of the THz radiation can be scanned on a sample and a THz image can be acquired when the steered beam is focused with a lens or a concave mirror, if the directivity of the beam is sufficiently improved. 
